Exocytotic release of neuropeptides and hormones is generally believed to involve the complete merger of the secretory vesicle with the plasma membrane. However, recent data have suggested that 'kissand-run' mechanisms may also play a role. To analyse secretory events in neuroendocrine β-cells, we imaged chimaeric reporters targeted to either the vesicle membrane [chimaeras of synaptobrevin-2 and pH-sensitive green fluorescent protein (synapto · pHluorin) or of phogrin ( phosphatase on the granule of insulinoma) and enhanced green fluorescent protein (EGFP) (phogrin · EGFP)] or the lumen [neuropeptide Y (NPY) · pH-insensitive yellow fluorescent protein (Venus)] by evanescent wave microscopy. Unexpectedly, the frequency of NPY · Venus release events was only 17-27% of that of vesicle fusion reported with synapto · pHluorin, but not phogrin · EGFP, indicating that exocytosis of cargo peptides that is likely to require complete collapse of the vesicle into the plasma membrane is relatively rare. However, both the frequency and the kinetics of NPY · Venus release were modulated by stimulus strength or by overexpression of synaptotagmin IV, demonstrating the plasticity of 'kiss-and-run' fusion.
Introduction
The release of neurotransmitters and peptide hormones from cells involves the exocytotic fusion of secretory vesicles with the plasma membrane [1] . In the classical model of exocytosis, this involves complete fusion of the vesicular and plasma membranes, followed later by the retrieval of membrane at a different site [2] . Questioning this model, clathrinmediated endocytosis appears to be too slow to explain the observed rapid retrieval of membrane. Moreover, recruitment of a key regulator of endocytosis, dynamin, is observed on only ≈60% of vesicles retreating from the plasma membrane [3] . Based on these and other observations, we and others [3, 4] have recently proposed that regulated exocytosis may occur in part by 'kiss-and-run' mechanisms, in which vesicles fuse transiently with the plasma membrane and release their contents through a partially opened fusion pore.
In an effort to quantify the population of insulin release that occurs by kiss-and-run, we used three fusion constructs, between: (1) synaptobrevin-2 [vesicle-associated membrane protein 2 (VAMP2)] and pHluorin, a pH-sensitive green fluorescent protein (GFP) (synapto · pHluorin) [5] ; (2) the vesicle cargo neuropeptide Y (NPY) and Venus, a pHinsensitive GFP variant (NPY · Venus) {Venus is derived from enhanced GFP (EGFP), but is much less affected by pH and has improved maturation kinetics [6] }; and (3) the membrane protein phogrin (phosphatase on the granule of insulinoma)
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and EGFP (phogrin · EGFP) [7, 8] . We used these probes, combined with evanescent wave microscopy (also known as total internal reflection fluorescence microscopy) [9] , to observe the docking and fusion of insulin vesicles.
Imaging the release of NPY · Venus by evanescent wave microscopy
Stimulation of Ca 2+ influx with depolarizing concentrations of KCl (50 mM) caused NPY · Venus-containing spots to suddenly brighten and spread, presumably as the secreted fluorescent peptide diffused laterally in the external medium and towards the most intense region of the evanescent field ( Figure 1A ). Figure 1 (B) plots fluorescence intensity against time for two vesicles which fused separately. Changes in fluorescence are shown, both within a small circular region around a spot and in a concentric annulus with a diameter approximately twice that of the original fluorescent spot. Fluorescence increased first in the central circle, then spread into the annulus and finally declined as dye diffused away. The spread of fluorescence from the single vesicles presumably indicates exocytosis through a 'full' fusion event, involving the collapse of the vesicle into the membrane, as it involved the release of proteinaceous material from the vesicle core [10, 11] .
Imaging of vesicles expressing synapto · pHluorin by evanescent wave microscopy
As discussed above, transient increases in the fluorescence of NPY · Venus-containing vesicles are likely to reflect release of this probe into the medium. To monitor the fate of secretory vesicle membrane proteins during single exocytotic events, we next observed the dynamics of synapto · pHluorin near the plasma membrane of MIN6 β-cells by evanescent wave imaging. We anticipated that if the release of NPY · Venus from secretory vesicles was associated with secretory vesicle flattening, then all of the synapto · pHluorin-associated fluorescence would diffuse laterally into the plasma membrane during exocytosis. When cells were stimulated with a solution containing a high K + concentration, synapto · pHluorin spots suddenly appeared, spread, and apparently diffused laterally into the plasma membrane ( Figure 1D ). Thus, analysis of time courses showed that the fluorescence intensities at points both at the centre and at a distance of approximately two vesicle diameters from the centre of exocytotic event increased transiently, and then decreased gradually. However, the time course of the appearance of synapto · pHluorin fluorescence was slower than that of NPY · Venus, perhaps reflecting slower diffusion of the membrane-anchored pHluorin in the plasma membrane bilayer.
Unexpectedly, some of the synapto · pHluorin-labelled spots (22.6 ± 3.4% of total events; n = 20 cells) appeared and disappeared without displaying any apparent diffusion of fluorescence from the centre of the original fluorescent spot (results not shown). In this case, analysis of time courses confirmed that changes in fluorescence intensity were confined to the central region, with no lateral spreading into the surrounding plasma membrane. We observed two distinct subtypes of this event. The first displayed a very short time course (≈1 s to peak; 92.4 ± 4.6% of total of this event; n = 20 cells), whereas the second showed a much slower upstroke of fluorescence (≈10 s to peak). We suspect that these changes result from neutralization of pH following the transient opening of the fusion pore, and resultant enhancement of synapto · pHluorin fluorescence. In contrast, diffusion of phogrin · EGFP fluorescence from discrete spots was never observed (n = 12 cells from 10 trials; results not shown), consistent with previous results in INS-1 β-cells [8] .
Synaptotagmin IV controls fusion pore size
Exocytosis requires the assembly of SNARE (soluble Nethylmaleimide-sensitive factor attachment protein receptor) complexes [12] . We therefore explored the possibility that synaptotagmins [13] or Munc18-1 [14] , a binding partner of syntaxin-1, might affect the observed fusion kinetics, since these proteins have been shown previously to have effects consistent with modifications of fusion pore dynamics. Overexpression of synaptotagmin IV significantly altered the decay time for the release of NPY · Venus ( Figure 1C) from the centre of the fusion event, as well as the spread of synapto · pHluorin ( Figure 1F ). This response could be due to the lowered Ca 2+ sensitivity of synaptotagmin IV [12] . These data also suggest that, below a certain threshold, fusion pore closure is not rate-limiting for the release of NPY · Venus.
Stimulation with high glucose concentrations (30 mM) caused a marked and biphasic increase in the number of events recorded using either synapto · pHluorin (Figure 2A,  upper) or NPY · Venus (Figure 2A, lower) , suggesting that the biphasic kinetics of glucose-stimulated insulin release from the pancreas [15] can be ascribed to the behaviour of single β-cells. Unexpectedly, the maximum number of synapto · pHluorin fluorescence events per unit time was much greater than that of NPY · Venus ( Figure 2B , control) (NPY · Venus release rate 13.5 ± 1.4% of synapto · pHluorin release rate after 30 mM glucose; n = 6 cells).
Overexpression of either synaptotagmin IV or a mutated form of Munc18 (R 39 C), which binds syntaxin weakly [16] , significantly reduced the peak number of synapto · pHluorinreported events in response to high glucose concentrations ( Figure 2A, upper panel) [control, 18.6 ± 2.5 events/10 s; synaptotagmin IV, 10.3 ± 2.3 events/10 s (P < 0.05); Munc18 mutant, 7.6 ± 0.5 events/10 s (P < 0.05); n = 6 cells for each]. Synaptotagimin IV also significantly increased the peak ratio in response to 30 mM glucose ( Figure 2B ; 31.6 ± 7.5%; P < 0.05; n = 6 cells).
Conclusions
We show here that (1) secretory events in pancreatic β-cells are highly heterogeneous, and that (2) fusion pores can selectively release not just small soluble cargoes (e.g. protons, neurotransmitters or low-molecular-mass dyes) [8, 17] , but also selected membrane-associated proteins (e.g. VAMP2).
Three forms of exocytosis can thus be described. During a 'pure' kiss-and-run event (Figure 3, panel I) , a fusion pore opens that allows the release of only very small molecules, including protons, thus enhancing synapto · pHluorin fluorescence. Such events seem likely to explain the transient increases in the fluorescence of synapto · pHluorin where no subsequent lateral diffusion was observed. Capacitance measurements [18] indicate that the conductance of the cognate fusion pore ranges between 200 and 500 pS, corresponding to a pore diameter of 1.5-2.4 nm, or a molecularmass cut-off of ≈1 kDa. In contrast, a 'mixed' kiss-and-run event ( Figure 3, panel II) involves the formation of a fusion pore large enough to allow release of synapto · pHluorin, but not phogrin · EGFP or NPY · Venus. These events probably correspond to a subgroup of the lateral diffusion responses observed with synapto · pHluorin. Finally, 'full' kiss-and-run events (Figure 3, panel III) permit the release of all soluble vesicle cargoes, and correspond to the flash responses of NPY · Venus and the remainder of the synapto · pHluorin events that involved lateral diffusion.
Interestingly, full kiss-and-run events, involving NPY · Venus release, were uncommon, presumably reflecting the localization of this construct to the vesicle's large dense core (diameter of 50-100 nm) [19] . Importantly, such events did not appear to involve the complete merger of vesicle and plasma membranes, since the membrane protein phogrin · EGFP did not diffuse into the plasma membrane under any circumstances (the present study and [7, 8, 20] , and as observed in PC-12 cells [21] ).
